Recent dynamics and uncertainties in global methane budgets necessitate a dissemination of current knowledge on the controls of sources and sinks of atmospheric methane. Forest soils are considered to be efficient methane sinks; however, as they are microbially mediated they are sensitive to anthropogenic influences and tend to switch from being sinks to being methane sources. With regard to global changes in land use, the present study aimed at (i) investigating the influence of grazing on flux rates of methane in forest soils, (ii) deducing possible (a)biotic factors regulating these fluxes, and (iii) gaining an insight into the complex interactions between methane-cycling microorganisms and ecosystem functioning. Here we show that extensive grazing significantly mitigated the soil's sink strength for atmospheric methane through alterations of both microbial activity and community composition. In situ flux measurements revealed that all native, non-grazed areas were net methane consumers, while the adjacent, grazed areas were net methane producers. Whereas neither parent material nor soil properties including moisture and organic matter showed any correlation to the ascertained fluxes, significantly higher archaeal abundances at the grazed study sites indicated that small inputs of methanogens associated with cattle grazing may be sufficient to sustainably increase methane emissions.
INTRODUCTION
Changing methane (CH 4 ) concentrations, which are defined by the balance between sources (e.g. wetlands, oceans, rice paddies) and sinks (e.g. tropospheric oxidation, soil uptake), have led to an increasing interest in studying microbially driven methane fluxes in various environments. Ever since the discovery of Archaea, methanogenic activity was thought to be restricted to anoxic environments exhibiting low oxidoreduction potentials (E h < -200 mV) (Le Mer and Roger 2001) ; however, due to the advent of DNA-based molecular tools, our knowledge is advancing, with accumulating evidence that methanogens are widely distributed in temperate and well-aerated soils (Megonigal and Guenther 2008; Bowling et al. 2009; Cavicchioli 2006; Timonen and Bomberg 2009; Angel, Claus and Conrad 2012; Bengtson, Sterngren and Rousk 2012; Wagner et al. 2012; Hofmann, Reitschuler and Illmer 2013; Praeg, Wagner and Illmer 2014) . In aerobic soils, Archaea represent approximately 0.5-3.8% of all prokaryotes (Timonen and Bomberg 2009) . Recent studies suggested that either anoxic micro-niches within the soil allow the growth of methanogenic Archaea and the production of methane (Peters and Conrad 1995) or methanogens, especially Methanosarcina sp. and Methanocella sp., exhibit tolerance toward oxygen exposure (Angel, Claus and Conrad 2012) .
As soils constitute the single known biotic sink for atmospheric methane, corresponding to ∼30 ± 15 Tg CH 4 per year, they constitute an important link in the global carbon cycle (Topp and Pattey 1997) . Biological methane oxidation consists of both aerobic and anaerobic processes and is driven by the activity of methane-oxidizing bacteria (MOB). MOB are ubiquitous key organisms within a soil microbial consortium that derive energy from CH 4 conversion to carbon dioxide via a membranebound monooxygenase (Hanson and Hanson 1996; Holmes et al. 1999) . Based on previous findings, temperate and tropical aerobic soils are generally considered to be net methane consumers, with the CH 4 sink strength decreasing according to the following sequence: forest soils > grassland soils > arable land (Willison et al. 1995; Le Mer and Roger 2001) . Among upland soils, forests are considered to be the most efficient net sinks for atmospheric methane (Le Mer and Roger 2001) exerting a positive (extenuating) effect on global warming and climate change. However, as the capacity of methane uptake in soils is microbially mediated, it is sensitive to environmental factors and anthropogenic influences (Tate et al. 2007) .
Despite the ecological significance, knowledge about the global estimate of the methane oxidizing capacity of soils is limited-particularly because the key contributing factors exerting an impact on methane flux rates are scarcely understood until now (Boeckx, Van Cleemput and Villaralvo 1997) . Biogeochemical and site-specific soil properties such as texture (Boeckx, Van Cleemput and Villaralvo 1997) , depth (Adamsen and King 1993) , water content (Menyailo and Hungate 2003) , pH and salinity (Saari, Rinnan and Martikainen 2004; Serrano-Silva et al. 2014) , temperature (Le Mer and Roger 2001) , nitrogen availability (Bodelier and Laanbroek 2004), vegetation and plant species (Praeg, Wagner and Illmer 2017) , levels of CH 4 , CO 2 and O 2 , and soil microbial community structure and composition (Mancinelli 1995) were suggested to be important parameters affecting the magnitude of methane uptake in soils. Furthermore, anthropogenic influences such as land management and agricultural practices including deforestation, grazing as well as fertilizer and manure additions and amendments are generally considered to influence CH 4 uptake rates, with the inhibition being attributed to disturbance effects on the distribution, abundance and activity of soil MOB (Ojima et al. 1993; Tate et al. 2007; Prem, Reitschuler and Illmer 2014) .
Forest grazing in alpine regions comprises an ancient and still common land practice especially in summer and autumn, with about 89 000 ha (representing 17% of the total forest area) being currently used for extensive cattle husbandry throughout Tyrol (Forest Service of the Government of Tyrol, Personal Communication). Due to emphasizing the conservation of functioning forests, however, there were net gains in forest and net losses in agricultural areas in the temperate climate domain, with forest areas in Europe and North America being stable or even increasing (FAO 2016) . Austria itself showed a slight downward trend in converting forests to grazed pastures during the past years. While conversions of pristine forests (and grasslands) are considered to cause changes in soil properties and biogeochemical cycling, comprehensive evaluations of their implication for the dynamics of greenhouse gas fluxes and engaged microbial communities in alpine regions are still missing (Koch, Tscherko and Kandeler 2007) . Hence, further research is needed to expand our understanding of the connection between grazing-related changes in methane fluxes and ecosystem functioning due to the vast area alpine regions cover. Considering the changing land use forms, we aimed to investigate the influence of cattle grazing on methane flux rates in high altitudinal forest soils located in the Central Alps and Northern limestone Alps (North Tyrol, Austria). The main focus was to determine (i) possible site-specific, biogeochemical, and microbiological factors that define the ecological niche for microorganisms engaged in the methane cycle, (ii) the impact of grazing and its interaction with other variables on the magnitude and direction (e.g. uptake vs. release) of methane fluxes and (iii) if grazing causes changes in the abundance and diversity of the indigenous microbial communities.
MATERIAL AND METHODS

Site description and soil sample collection
To evaluate the impact of grazing on the CH 4 cycle, four different study sites located in Northern Tyrol, Austria were chosen upon consultation with the Tyrolean government (Department for Forest Protection). Soil sites were chosen on the basis of regional topographic characteristics representing carbonate-or silicate-dominated parent material. The two forest sites on limestone are located in Karwendel (47 • 411 N, 11
• 437 E) and Trins (47 • 083 N, 11
• 417 E), the ones on siliceous bedrock in Patsch (47 • 204 N, 11
• 415 E) and Maria Waldrast (47 • 131 N, 11
• 405 E). Forest stands of the investigated area are dominated by coniferous trees with Picea abies representing >60% of tree species. As a characteristic, all four study sites are delimited by fences ensuring a clear differentiation between grazed and non-grazed areas. . Soil samples were collected in May 2014 from the upper mineral horizon (at a depth of about 12-20 cm) at each study site (±grazing) from three replicate plots and were independently packed into plastic bags upon collection. After being transported to the laboratory, the soil samples were sieved (<4 mm) and stored at 4 or −20
• C until processing. Environmental data were collected concurrently with in situ flux measurements, with ambient air and soil temperature being measured at all sampling sites.
Physicochemical soil properties
Dry matter (DM) was ascertained by drying 10.0 g of the soil samples at 105
• C until constant weight was obtained. Loss on ignition analysis at 550
• C was used to determine the organic matter (OM) content. Soil pH was determined in a 1:2.5 soil: CaCl 2 (0.01 M) suspension at room temperature. In addition, soil samples were diluted in deionized water to ascertain the electrical conductivity. Plant-available ammonium (NH 4 + -N) in soils was extracted using KCl (2 M) and determined colorimetrically by Berthelot's reaction. Total carbon (C tot ) and nitrogen content (N tot ) was determined using a TruSpec CHN analyzer (Leco, Germany) and dissolved organic carbon (DOC) was evaluated in a 1:5 soil: water dilution using a TOC-L analyzer (Shimadzu, Japan). All physical and chemical soil properties were determined in triplicate.
Parameters of microbial activity and soil microbial biomass
Assays to determine the activity of dehydrogenase, cellulase and protease were employed and quantified in triplicate following the method of Schinner et al. (1996) . Dehydrogenase determination was based on the estimation of triphenyltetrazolium chloride reduction to triphenylformazan in soils after incubation at 25
• C for 16 h. Triphenylformazan was then extracted with acetone and measured photometrically at 546 nm (Oehlinger 1996) . For the determination of cellulase, soil samples were incubated at 50
• C for 24 h using carboxymethyl cellulose as substrate. Reducing sugars released during the incubation period were determined colorimetrically at 660 nm within 60 min (von Mersi and Schinner 1996) . The measurement of protease was carried out via the substrate casein, with soil samples being incubated for 2 h at 50
• C and pH 8.1. Amino acids released during incubation were extracted and trichloroacetic acid was added causing the remaining substrate to precipitate. Subsequently, the aromatic amino acids were measured colorimetrically at 700 nm within 90 min . Arylsulfatase activity was determined by adding p-nitrophenylsulfate solution. After incubating the soil samples for 1 h at 37
• C, the nitrophenol released by arylsulfatase activity was extracted, colored with sodium hydroxide and quantified photometrically at 420 nm (Strobl and Traunmueller 1996) . Additionally, basal soil respiration (BR) was measured using an infrared gas analyzer (IRGA) (Heinemeyer et al. 1989) . Up to 40.0 g of field-moist, sieved samples were weighed into gas-tight plastic tubes, which were continuously flushed with ambient air. The IRGA was operated at a constant temperature of 22 ± 0.5 • C, with the CO 2 produced by the soils being quantified. The analysis of soil microbial biomass (C mic ) was ascertained using the substrate-induced respiration method. This method is based on the estimation of the physiological respiration response of soil organisms by detecting the CO 2 evolution after the addition of saturating quantities of the readily available substrate glucose, which can be measured using an IRGA. Therefore 40.0 g of soil samples were supplemented with an end concentration of 1.0% (of dry mass) of glucose. The samples were subsequently placed in gas-tight plastic columns, with the CO 2 efflux (μg CO 2 -C g −1 dry mass h −1 ) quantified in a continuous ambient temperature of 22 ± 0.5 • C for 4 h. The equation of 1 ml of CO 2 at 22 ± 0.5
• C with 40.0 mg of microbial biomass carbon equivalent thereby permitted the determination of C mic (Anderson and Domsch 1978) .
In situ CH 4 measurements
In situ CH 4 measurements were performed in May and June at all four study areas. Flux rates of methane were determined employing a static chamber technique according to Hofmann, Farbmacher and Illmer (2016a) . Three equidistant chambers (in close proximity to the soil sampling points) were inserted to a depth of 4-5 cm at the grazed and adjacent control sites 10 min before the in situ measurements were performed and were left open to the atmosphere until the time sampling was started. After closing the chambers with gas-tight butyl rubber septa, gas sampling was conducted at 0-, 15-and 30-min intervals, with samples withdrawn from the chamber headspace with a 20-ml gas-tight syringe at each time point. After collection, the gas samples were injected into pre-evacuated Exetainer glass vials sealed with butyl rubber septa. The concentration of methane inside each vial was analyzed immediately by gas chromatography on a Shimadzu GC 2010 Plus (Japan) as described in Wagner et al. (2011) .
DNA extraction and community profiling via qPCR
Genomic DNA was extracted from 0.25 g from three replicates of sieved soil samples using the NucleoSpin R Soil Kit (MachereyNagel) according to the manufacturer's instructions. Subsequently, the quantity and purity of the extracted DNA were evaluated via UV/VIS spectrophotometry with NanoDrop 2000c TM (PeqLab, Germany) and QuantiFluor R dsDNA Dye (Promega, Germany). The engaged microbial community was examined via quantitative real-time PCR (qPCR). qPCR was conducted on a Corbett Life Science (Qiagen, the Netherlands) Rotor-Gene Q system by using the SensiMix SYBR No-Rox Kit (Bioline, UK). Primer pairs used for the determination of methanogenic 16S rRNA gene copy numbers targeting the entire bacterial (BAC) and archaeal community (ARC), methane-oxidizing bacteria (MOB) and the methanogenic guilds Methanosarcinales (MSL), Methanobacteriales (MBT), Methanococcales (MCC), Methanomicrobiales (MMB) and the genus Methanocella spp. (Mcell) are listed in Table 1 . qPCR reactions (20 μl) contained 10 μl SensiMix SYBR No-Rox Kit (Bioline, UK), 0.20 μM (ARC, MSL and MMB), 0.25 μM (MBT, MCC) or 0.15 μM (Mcell, MOB) of each primer and 2-10 ng of DNA template. Final concentrations of MgCl 2 and BSA (Sigma-Aldrich, USA) were 5 mM and 0.04% (v/v), respectively. The qPCR assay targeting total archaeal 16S rRNA genes was carried out as described previously by Hofmann, Reitschuler and Illmer (2013) . Cycling conditions for quantification of the assays targeting methanogenic 16S rRNA gene copies were altered based on the assays described by Yu et al. (2005) , Angel, Claus and Conrad (2012) , Vigneron et al. (2013) and Reitschuler et al. (2014) . Prior to amplification, the samples were subjected to an initial denaturation step at 95
• C for 10 min. Each run included negative controls (Escherichia coli) and non-template controls (UltraPure DNase/RNase-Free Distilled Water, Invitrogen, USA). After quantification, PCR products were checked via melting curve analysis. For construction of all calibration curves, we used genomic DNA standards as described in Hofmann et al. (2016c) . Concentrations of the standard DNA were determined by using the Quant-iT PicoGreen ds-DNA reagent (Invitrogen, USA) according to the manufacturer's instructions. 16S rRNA gene copy numbers were calculated as stated by Yu et al. (2005) .
Statistical analysis
Each replicate plot of each site was analyzed in at least three technical replicates. Statistical analysis was performed by using the Software package Statistica 12.0 (StatSoft R ) and SigmaPlot 12.0 (Systat Software Inc.). Results are given as mean ± standard deviation. Significant differences were ascertained by one-way or multifactorial ANOVA. A significance level of 0.05 was used to assess Values are given as mean (SD); n = 3 for single study sites and n = 12 for mean values of calcareous and siliceous sites. K, Karwendel; P, Patsch; T, Trins; W, Maria Waldrast; G, grazed area; C, control area. T soil , soil temperature; DM, dry matter; OM, organic matter; EC, electrical conductivity; Ctot, total organic carbon; Ntot, total organic nitrogen; DOC, dissolved organic carbon; NH4 + -N, plant-available ammonium. * Significant differences (P < 0.001) depending on grazing. Significant differences (P < 0.05) depending on bedrock are indicated by different characters.
differences between treatments. The Bonferroni test was used to discriminate between single variants. In cases of non-normally distributed data, Kruskal-Wallis ANOVA and the Mann-Whitney U test were used as non-parametric methods.
RESULTS
Physicochemical soil properties
A summary of all determined physicochemical soil properties is given in Table 2 . In general, the study sites on calcareous bedrock were characterized by higher electrical conductivity (P < 0.05), total C (P < 0.01) and N (P < 0.01) and OM contents (P < 0.01) compared with siliceous soils. No significant differences were detectable between the two bedrock groups regarding pH values, NH 4 -N + content and DOC.
In respect of grazing, the non-grazed areas were characterized by significantly higher DOC (P < 0.001) contents compared with the grazed areas. Interestingly, OM as well as total C and N content were found to be higher in the non-grazed areas compared with the grazed ones but did not show any significant differences depending on grazing. These results were widely reflected across most of the evaluated parameters including electrical conductivity and NH 4 -N + content.
Microbial activities and biomass
Microbial activities determined at the different study sites could be separated in terms of bedrock (Table 3) , with dehydrogenase (P < 0.05), protease (P < 0.05), and BR (P < 0.01) in soils derived from calcareous bedrock being significantly higher compared with those derived from siliceous bedrock. By contrast, cellulase activities did not differ according to parent material (Table 3) . Carbonate-dominated soils further showed significantly higher contents of microbial biomass (P < 0.001) than silicate-dominated soils (Table 3) . Depending on land-use, cellulase (P < 0.05) was found to be significantly higher at the native areas compared with the grazed ones (Table 3) . Contrarily, dehydrogenase and protease activities revealed no differences regarding grazed and nongrazed areas. The control areas without grazing further exhibited a greater microbial biomass (C mic ) than the grazed areas, with the calculated C mic :C tot ratio being higher at the non-grazed areas.
Additionally, a comprehensive correlation analysis of soil and microbiological properties was performed (with log transformed data if necessary). Positive relationships could be established between OM and C tot as well as DOC and further with parameters describing microbial abundance and activity including C mic and BR, protease and dehydrogenase.
In situ CH 4 measurements
Flux measurements were conducted using manually operated chambers, with gas samples withdrawn at 0, 15 and 30 min at each study site ± grazing. The changes in measured CH 4 concentrations over 30 min at the grazed and non-grazed study site in Maria Waldrast are exemplarily illustrated in Fig. 1 . At the control area, a slow but steady decrease in CH 4 concentration could be observed ( CH 4 negative), while simultaneously an increase in methane concentration by about 42% could be determined at the grazed study site ( CH 4 positive). A similar trend applied to all four study areas and both sampling dates (May and June).
To facilitate comparisons between sites, the CH 4 flux for each sampling area ± grazing was calculated on a 30-min basis from Values are given as mean (SD); n = 3 for single study sites and n = 12 for mean values of calcareous and siliceous sites. K, Karwendel; P, Patsch; T, Trins; W, Maria Waldrast; G, grazed area; C, control area; DM, dry matter; BR, basal respiration; C mic , microbial biomass; TPF, triphenylformazan; GLC, glucose equivalent; TE, tyrosine equivalent. * Significant differences (P < 0.01) depending on grazing. Significant differences (P < 0.05) depending on bedrock type are indicated by different characters. the change in CH 4 concentration with time and scaled to a cross-sectional area of 1 m 2 . A summary of the calculated methane fluxes (all sites) is presented in Fig. 2 . By comparing the study sites depending on grazing, it becomes apparent that the control areas revealed consistently negative CH 4 fluxes, indicating that atmospheric CH 4 was consumed. As mentioned before, forest soils are considered to be an important sink for atmospheric methane, which did apply for the control areas. Contrarily, all four grazed areas located just a few meters away from the control areas yielded positive methane fluxes, and thus it can be concluded that methane was actively produced rather than consumed (Fig. 2) . Extrapolation of single measurements to areal dimensions can be critical and extrapolating our data to 60 min seemed inappropriate due to the non-linear concentration gradient. However, since the reference values reflect over 100 individual measurements at the examined study sites (with highly significant differences being observed), we thus calculated the CH 4 balance depending on grazing (μg CH 4 -C m −2 30 min −1 ) to enable comparison with other investigations and obtained rates ranging from +3.2 to +28.1 and from −2.3 to −11.2 μg CH 4 -C m −2 30 min −1 on average for the grazed and non-grazed areas, respectively (Fig. 3) . Concerning methane oxidation rates in forest soils, comparable investigations observed similar values ranging from −3.2 to −50.0 μg CH 4 -C m −2 h −1 (Nauer et al. 2012; Chiri et al. 2015; Hofmann et al. 2016a) , thus confirming our results. While investigating CH 4 fluxes in forest soil and grazing land in Nepal, Awasthi et al. (2005) observed oxidation rates ranging from −3.0 to −54.4 and production rates from +0.3 to +74.1 μg CH 4 -C m
Surprisingly, neither the study site nor the parent material turned out to have a significant impact on the CH 4 flux patterns. Furthermore, none of the examined physicochemical and microbiological parameters showed any correlation to the ascertained CH 4 fluxes. However, a highly significant influence of grazing on methane fluxes (P < 0.001) had been exerted, indeed indicating that grazing is strongly affecting the capacity of forest soils to actively consume methane. According to the responsible forest departments, between 0.3 and 1.0 livestock units may be kept per hectare at the studied areas (1 unit corresponds to 1 adult milk cow). For a more detailed understanding regarding the impact of grazing on the CH 4 cycle in forest soils, we calculated grazing intensities at all study sites taking stocking density and estimated period of grazing into account (Table 4) . Although different methane consumption and production rates could be observed, comparing the CH 4 fluxes at all study sites at different stocking rates provided no evidence of an association between grazing intensities and in situ flux patterns.
Community profiling via qPCR
qPCR was used to assess the influence of forest grazing on bacterial and archaeal community structure and composition. qPCR analyses indicated a spatial heterogeneity of specific microbial communities depending on grazing (Fig. 4) . While the log 10 abundances of MOB and BAC showed no significant differences, the abundance of ARC and the methanogenic guilds Mcell and MBT, however, turned out to be significantly higher in the grazed areas compared with the control areas. Interestingly, significant differences also emerged regarding parent materials, with MSL, MCC, MBT and Mcell showing a significantly higher abundance in siliceous compared with calcareous soils. Methanosarcinales and Methanococcales turned out to be the most abundant methanogenic guilds, with log 10 abundances of 6.00 ± 0.82 (grazed) and 5.32 ± 0.87 (controls) and 6.32 ± 0.49 (grazed) and 5.87 ± 0.96 (controls), respectively, followed by Methanocella spp., with log 10 abundances of 5.05 ± 0.70 and 4.38 ± 0.66 in the grazed and non-grazed areas, respectively (Fig. 4) .
DISCUSSION
Due to the human contribution to greenhouse gas driving global warming, atmospheric methane concentrations have increased ∼150%, from 0.7 ppm (v/v) in pre-industrial times to about 1.8 ppm currently, which was mainly attributed to a recent imbalance between CH 4 sources and sinks (Aronson, Allison and Helliker 2013; Bloom et al. 2010) . Natural ecosystems, including forest soils and grasslands, generally function as net consumers for atmospheric methane and contribute up to 15%
of annual global CH 4 destruction (IPCC 2007). Although they contribute to the overall sink strength, the various factors governing methane fluxes are scarcely understood thus far, leading to an innate uncertainty in the estimates of CH 4 exchange between soils and the atmosphere. Limited knowledge can also be attributed to the paucity of data regarding net methane emissions derived from alpine regions (Koch, Tscherko and Kandeler 2007) , with grazing comprising a very common land practice in these areas. In this context, CH 4 uptake by predominantly aerobic soils has shown significant variations in relation to changes in land use and cultivation (Powlson et al. 1997) . Cultivation of formerly undisturbed grassland and forest soils, for instance, has been shown to dramatically decrease CH 4 consumption activities (Mosier et al. 1991; Ojima et al. 1993; Castro et al. 1994; Tate et al. 2007) . Similarly, the net methane fluxes at the control areas in our study were negative indicating CH 4 uptake, whereas the adjacent grazed areas (located just a few meters away from the nongrazed sites) revealed positive methane fluxes and thus CH 4 production (Fig. 2) . Hence, even very extensive grazing appeared to have significantly mitigated the capacity of these soils to consume CH 4 or, conversely, stimulated CH 4 production potentials by shifting the balance in favor of methanogenic activities (Figs 1 and 2 ). Based on our calculations, we linked the extent of the ascertained methane fluxes with grazing intensities (Table 4) ; however, no correlation could be established between these two parameters. It is therefore conceivable that small inputs of methanogenic Archaea caused by grazing cattle excretions are sufficient to sustainably change microbial community composition and increase CH 4 production, which would agree with long-term survival potentials of methanogenic gutorganisms in soils as demonstrated by Praeg, Wagner and Illmer (2014) and Radl et al. (2007) . Previous studies suggested that intrinsic soil properties, including pH, soil water content, nutrient availability and ammonium, are important drivers of soil emissions, with the extent of the related fluxes being highly variable. Although calcareous study sites differed significantly from siliceous ones regarding their physico-chemical soil properties, including OM and total C and N content (Table 2) , these differences did not affect the in situ methane fluxes in these soils (Fig. 2) . While no correlation could be established between CH 4 emission and soil water content in the present investigation, analyses of covariance revealed a highly positive correlation between CH 4 production and soil temperature, which is consistent with other findings (Praeg, Wagner and Illmer 2014; Prem, Reitschuler and Illmer 2014) . This leads to the assumption that losses in vegetation cover due to grazing result in higher soil temperatures, with a concomitant increase in methane emissions. These findings are consistent with previous investigations that linked grazing to greater soil temperature, with stock density being positively correlated to vegetation losses (Chen et al. 2016; Luo et al. 2010; Teague, Dowhower and Waggoner 2004, Metzger et al. 2005) . This would imply that an increase in grazing intensity will also increase soil temperature, which is particularly interesting regarding the self-reinforcing importance of global warming on methane emitting processes. Moreover, soil water content, soil type and bulk density are among the major factors discussed in literature affecting CH 4 uptake efficiency as they influence diffusion rates and gas exchange between the soil and the atmosphere (Smith et al. 2000; Tate et al. 2007) . While studying CH 4 oxidation in forest soils, Smith et al. (2000) reported higher consumption rates in deciduous and undisturbed forest soils than in coniferous forest soils disturbed by grazing, yielding −3.42 ± 0.44 μmol CH 4 m −2 h −1 on average. Ammonium content, on the other hand, has been shown to exert direct and indirect effects on CH 4 oxidation potentials, with the direct impact being mainly attributed to the fact that ammonium acts as a competitive inhibitor on the methane monooxygenase complex that constitutes the key enzyme in the oxidation of CH 4 (Topp and Pattey 1997) . Indirect effects, on the other hand, were related to changes in N turnover rates (Steudler et al. 1996; Boeckx, Van Cleemput and Villaralvo 1997) . Interestingly, NH 4 + -N did not show an impact on the flux patterns of CH 4 during our investigation. Moreover, the control area in Trins exhibited strongly acidic conditions and high NH 4 + -N contents (Table 2 ) but yielded high CH 4 oxidation rates, which is rather surprising and counterintuitive to the prevailing opinion that acidic pH and high ammonium concentrations (temporarily) inhibit methane consumption capacities (Hütsch, Webster and Powlson 1994; Stiehl-Braun et al. 2011) . Our observations, however, were in agreement with Hofmann, Farbmacher and Illmer (2016a) , who did not find evidence that soil acidification led to reduced oxidation potentials in upland soils. Tate et al. (2006) also reported no effect of NH 4 + on CH 4 oxidation, whereas Jacinthe and Lal (2006) even reported a positive effect. The conflicting effects have primarily been associated with the diversity of soil methanotrophic communities, with N fertilization generally inhibiting CH 4 consumption by Type II methanotrophs but enhancing methane consumption by Type I methanotrophs (Chan and Parkin 2001; Mohanty et al. 2006; Dalal et al. 2008) . The co-existence of different methanotrophic groups might therefore reduce the predictability of NH 4 + effects. In this context, Adamsen and King (1993) reported that the inhibitory effect of ammonium is less pronounced in forest soils, with the limited suppression being related to nitrogen turnover, which is not intense enough to inhibit the processes of CH 4 consumption completely (Castro et al. 1995; Goldman et al. 1995; Boeckx, Van Cleemput and Villaralvo 1997) . Further, the increased CH 4 efflux could not be associated with organic matter contents, as they exhibited lower contents compared with the control areas ( Table 2 ). These findings are in agreement with Prem, Reitschuler and Illmer (2014) who observed significantly higher organic matter contents in unmanaged than in managed soils. In connection with long-term agricultural use, the organic matter content is strongly correlated with the soil aggregate stability (Haynes and Beare 1996) . Losses of soil organic matter are usually accompanied by higher soil bulk density and reduced aggregate stability, soil porosity and thus gas diffusivity, all of which adversely affect total CH 4 oxidation rates in soils. Furthermore, organic matter content is strongly related to microbial biomass. Yang et al. (2013) assumed that patches of bare soil due to grazing can cause a loss of soil organic matter, thereby affecting microbial biomass and activity. In addition, they reported that compaction of soil bulk density due to animal trampling abolished air permeability. In this context, Cao et al. (2004) reported that grazing altered soil respiration in an alpine meadow, which could be confirmed by lower respiration rates in the grazed areas compared with the control areas in the present study ( Table 3 ). Previous investigations demonstrated that BR and C mic declined upon conversion of pristine forest to agriculture and pasture, with C mic decreasing by 46-59% (Srivastava and Singh 1991; Basu and Behera 1993) , which is in agreement with our investigation. Indeed, BR and C mic decreased in the grazed areas by ∼68% and 53% on average, respectively, compared with the control areas without grazing. In general, land management activities seem to influence both the soil physicochemical and microbiological properties, which in turn affect the relative abundance and activity of methanogenic and methanotrophic organisms (Boeckx, Van Cleemput and Villaralvo 1997; Abell et al. 2009; Anguelov, Anguelova and Bailey 2011) . According to Verchot (2010) , nutrient availability decreases following conversion of pristine forests to agriculture and pasture along with reductions in microbial turnover rates and enzyme activities, which could be confirmed by significantly lower cellulase activities in the grazed compared with the non-grazed areas (Table 3). Regarding microbial abundance and diversity, qPCR analyses revealed a heterogeneous distribution of Archaea depending on grazing, with the total archaeal 16S rRNA gene abundance being significantly higher at the grazed areas compared with the control areas (Fig. 4) . Similar patterns emerged for the 16S rRNA genes affiliated with all investigated methanogenic guilds, showing a higher occurrence at the grazed study sites (Fig. 4) . The observed higher abundance at the grazed sites supports the assumption that small inputs of methanogenic Archaea due to grazing may impact the net in situ CH 4 flux. Positive methane fluxes, therefore, not only indicate the presence of active methanogens but further confirmed their ubiquity in (well aerated) natural environments. Similar to our findings, Methanosarcina sp. and Methanocella sp. were found in numerous previous investigations sampled globally, and thus it has been suggested that these methanogens are autochthonous inhabitants of upland soils (Nicol, Glover and Prosser 2003; Poplawski et al. 2007; Angel, Claus and Conrad 2012) . In addition, Methanococcales and Methanocella spp. turned out to be highly abundant in forest and grassland soils in the Austrian alpine region (Hofmann et al. 2016b) , which coincides with our qPCR data (Fig. 4) . Although it is not clearly differentiable to what extent the methane producing processes were promoted and/or the methane oxidation processes were inhibited, a highly significant increase in net CH 4 emissions due to grazing could be verified, with downstream effects on microbial activity and abundance.
BAC
In conclusion, even very extensive grazing resulted in a highly significant increase of in situ methane emissions at all grazed study sites compared with the adjacent control areas without grazing yielding +16.8 μg CH 4 -C m −2 30 min −1 and −6.5 μg CH 4 -C m −2 30 min −1 on average, respectively (Fig. 3) . The increased CH 4 emissions could be related to neither the parent material (calcareous vs. siliceous bedrock) nor the organic matter and water content of the soils. Interestingly, we observed a significant reduction in microbial activities but higher abundances of (methanogenic) Archaea at all grazed sites compared with the control sites. While no significant differences could be detected regarding the abundance of MOB and BAC, the abundance of ARC, Mcell and MBT in pristine forest soils differed significantly upon their conversion into pastures. This may suggest that the grazing-related input of methanogens into the soil constitutes the driving factor in CH 4 cycling processes at these sites. Moreover, methane fluxes turned out to be positively correlated to soil temperature, which, in turn, is increased by grazing. Thus, a positive feedback on global warming and climate change can be assumed. The combination of the obtained data from physicochemical, molecular-biological, and in situ analyses therefore gives strong indication that the interaction between treading and grazing cattle excretions caused the mitigation potential of forests under pasture to cease. As the net sink or source strength of soils for CH 4 results from a dynamic equilibrium between methane production and consumption (Dalal et al. 2008) , reduction in soil aeration and increased compaction due to animal treading might have favored methane-producing activities, which coincides with the higher abundance of (methanogenic) Archaea in the grazed forest areas. Taking into account that 89 400 ha (representing 17% of the total forest area) is used for extensive cattle husbandry in Tyrol (Forest Service of the Government of Tyrol, Personal Communication), even very low methane flux rates will become relevant due to the vast area alpine regions cover. It has to be re-emphasized that (forest) soils generally function as potent methane sinks exerting a positive, extenuating effect on climate change. Although constituting a small flux, seen on a global scale, soils are of significant importance since the atmospheric concentration of methane would be increasing at about 1.5 times the current rate in their absence (Ojima et al. 1993) . Changes in land use and agricultural expansion, however, have mitigated the capacity of temperate forest and grassland ecosystems to consume methane by 1.5-6.0 Tg CH 4 per year (Ojima et al. 1993; Potter, Davidson and Verchot 1996; Smith et al. 2000; Dutaur and Verchot 2007) . Thus, the results obtained in the present study not only are of high ecological importance but further highlight the sensitivity of methane cycling processes toward humaninduced changes.
